Introduction
Semaphorins are a family of soluble and membrane-bound proteins that were originally defined as axonal-guidance factors (for review, see Ref 1 ) guiding the formation of precise connections between neurons and their appropriate target cells during development. Semaphorins have also been shown to affect numerous other physiological processes such as tissue repair, tumor progression, immune cell regulation, and vascular growth and migration. One such multifunctional semaphorin is Semaphorin 4D (SEMA4D or CD100), a 150-kDa transmembrane protein expressed predominantly on lymphocytes (for reviews, see Ref [2] [3] [4] ). SEMA4D has a large N-terminal propeller-like "sema" domain followed by an Iglike domain, a lysine-rich domain, a transmembrane domain, and a cytoplasmic tail with consensus tyrosine and serine phosphorylation sites. The molecule is expressed on the cell surface as a disulfide-linked homodimer (300-kDa), and upon cell activation the extracellular portion of SEMA4D can be released from the cell surface via proteolytic cleavage to generate a physiologically active, 240-kDa soluble form of the protein (sSEMA4D). 5 SEMA4D is thought to function as both a receptor, which signals through its cytoplasmic domain, and as a ligand. 6 SEMA4D, the first semaphorin determined to have immunoregulatory functions, 1, 7 is expressed abundantly on the surface of most lymphocytes, including T cells, B cells, natural killer (NK) cells, as well as cells of the myeloid lineage such as monocytes, macrophages, and dendritic cells (DCs). T cells express the highest levels of surface SEMA4D and cellular activation stimulates up-regulation of surface expression of SEMA4D on B cells, T cells, and DCs, as well as the generation of soluble SEMA4D via cleavage of the extracellular domain. SEMA4D has also been reported to be present at low levels on the surface of platelets and SEMA4D surface expression increases with platelet activation and is followed by a gradual shedding of the extracellular domain. 8 Expression of SEMA4D has also been reported to be up-regulated on oligodendrocytes upon injury. 9 In addition, Smith et al., demonstrated that sSEMA4D is present in normal human sera at an average of 10.4 ng/ml, and that it is significantly elevated in multiple sclerosis (MS) patient sera (27.4 ng/ml). 10 SEMA4D engagement with PLXNB1 has been shown to induce activation and migration of endothelial cells, and to promote migration of tumor cells.
12 SEMA4D/PLXNB1 signaling has also been reported to induce apoptosis of neural precursor cells, process extension collapse, and apoptosis of oligodendrocytes. 13 PLXNB2, whose best characterized ligand is SEMA4C, has an intermediate affinity for SEMA4D. A recent report indicates that PLXNB2 is expressed on keratinocytes and can activate SEMA4D-positive gd T cells to contribute to epithelial repair. 14 CD72 is a relatively low-affinity (K D D 300 nM) SEMA4D receptor 15 expressed on B cells, antigen-presenting cells and platelets. In addition, CD72 is thought to act as a negative regulator of B cell responses by binding the tyrosine phosphatase SHP-1, which can recruit many inhibitory mediators. An interaction between SEMA4D and CD72 leads to the dissociation of SHP-1, and loss of this negative activation signal. 16 The results of various studies suggest that SEMA4D may play important physiological and pathological roles in the immune system. SEMA4D has been shown to promote T cell responses and B cell aggregation and survival in vitro. Addition of either SEMA4D-expressing cells or soluble SEMA4D enhanced CD40-induced B cell proliferation and immunoglobulin production in vitro, and accelerated in vivo antibody responses. 16, 17 Also, the addition of sSEMA4D inhibited immune cell migration, and this effect was reversed by addition of anti-SEMA4D antibodies. 18, 19 Experiments using SEMA4D-deficient (SEMA4D knockout (KO)) mice demonstrated that SEMA4D may play a non-redundant role in the immune system. SEMA4D knockout mice have reduced antibody responses to T-dependent antigens and impaired T cell priming; both of these functions were restored upon the administration of sSEMA4D. 20 Importantly, evaluation of anti-SEMA4D (VX15/2503) in a rat host resistance model demonstrated that the antibody was not immunosuppressive as it did not inhibit the clearance of flu virus from the treated animals. 21 In general, the immune suppressive effects of SEMA4D blocking antibody in vivo are much less pronounced than reported for genetic deletion of SEMA4D in embryonic development.
There is a strong rationale for treatment of solid tumors with VX15/2503. Semaphorins can guide migration 18, 22 and trigger cytoskeletal changes in endothelial, tumor, and immune cells within the tumor microenvironment (TME). Immunohistochemical analysis of SEMA4D and PLXNB1 expression patterns by several human tumor types revealed that SEMA4D is overexpressed in head and neck, prostate, colon, breast, and lung cancers, and that many of these tumors also express PLXNB1. 23 Moreover, elevated expression of SEMA4D or PLXNB1 correlates with invasive disease and poor prognosis.
24 SEMA4D may also be regulated by hypoxia and other cues within the TME. 25 In solid tumor animal models, expression of SEMA4D at the invasive tumor edge creates a barrier to immune infiltration and antibody-mediated SEMA4D blockade effectively facilitates access and amplification of anti-tumorigenic immune activity within the tumor. Evans et al. have demonstrated anti-SEMA4D-mediated tumor rejection in several murine tumor models, and increased efficacy in combination with checkpoint blockade inhibitors, corresponding with increased immune activity in the TME. 26 In addition to being an inhibitory mediator of immune responses and potential oncology target, SEMA4D is also involved in central nervous system (CNS) physiology and homeostasis. SEMA4D knockout mice are resistant to the development of experimental allergic encephalomyelitis (EAE), a murine model for human MS, due, at least in part, to a reduced generation of immune response to the EAE-inducing antigen. 27 Administration of an anti-SEMA4D antibody has been shown to attenuate EAE in multiple rodent models. 10, 28 In addition to its involvement with the immune response to CNS antigens, SEMA4D may play an important role in several other critical physiological and potentially pathogenic CNS processes, including oligodendrocyte survival, 13 and remyelination. 10 SEMA4D inhibition may also preserve integrity of the neurovascular unit composed of endothelial cells and astrocytes by protecting endothelial tight junctions. 29 This could serve to not only reduce immune and inflammatory cell infiltration into the CNS, but also prevent activation of astrocytes and microglia, a process that has been implicated in a variety of neurodegenerative diseases.
Specific blockade of SEMA4D from interaction with its receptors represents a novel therapeutic strategy for cancer, MS, and other autoimmune and neuroinflammatory / neurodegenerative diseases. Here, we describe the discovery and preclinical characterization of an anti-SEMA4D antibody (VX15/2503) that is currently in clinical development.
Results
Generation of mouse anti-SEMA4D (mAb 67-2) and humanized anti-SEMA4D (VX15/2503) It is advantageous for functional studies and non-clinical toxicology to generate mouse antibodies that are cross-reactive with mouse, rat, primate, and human SEMA4D. Not surprisingly, standard immunization techniques using wild-type mice did not elicit the desired species cross-reactive anti-SEMA4D response. We, therefore, immunized SEMA4D KO mice in an effort to bypass the tolerance mechanisms of normal mice. Approximately 96 parental hybridomas were selected that reacted with both mouse and human SEMA4D. A variety of assays were used to characterize these hybridomas for specificity and affinity, including enzyme-linked immunosorbent assay (ELISA; specificity, competition, and IC 50 ) and flow cytometry. Generation of SEMA4D-specific antibodies mAb 67-2 and VX15/2503 is illustrated in Figure 1 , and described in detail in the Materials and Methods section.
Affinity and species reactivity ELISA, flow cytometry, and immunohistochemistry (IHC) all demonstrated high specificity of mAb 67-2 and VX15/2503 for SEMA4D (data not shown). In addition, binding studies by ELISA using both native and recombinant SEMA4D, and flow cytometric studies using peripheral blood mononuclear cells (PBMCs) confirmed that mAb 67-2 and VX15/2503 were reactive with soluble and cellular SEMA4D from all species tested; mouse, rat, rabbit, cynomolgus macaque, marmoset, rhesus macaque, and human (data not shown).
No binding was observed by ELISA against a panel of 8 to 10 additional irrelevant purified proteins. In addition, no binding was observed via flow cytometry on cell lines that were known to be negative for SEMA4D (data not shown). Affinity was determined quantitatively via Biacore and by a flow cytometry cell-based affinity assay; these results are shown in Table 1 and Figure 2 . Affinity (K D ) of both mAb 67-2 and VX15/2503 for SEMA4D via Biacore on recombinant antigens ranged from 1-5 nM while the affinity for native, cell-associated human SEMA4D was approximately 10-fold greater; K D D 0.45 nM (SEM D 0.13). ELISA and flow cytometry blocking assays confirmed that mAb 67-2 and VX15/2503 recognized the same epitope (data not shown).
Functional in vitro characterization
Since SEMA4D is a multifunctional molecule involved in various pathogenic processes, it was important to demonstrate that VX15/2503 blocks binding of SEMA4D to all 3 of its known receptors, PLXNB1, PLXNB2, and CD72. A flow cytometrybased functional assay was developed to quantitate blocking of SEMA4D binding by VX15/2503, a measure of the potency of this antibody. Figure 3A demonstrates that mAb 67-2 or VX15/ 2503 can block the binding of SEMA4D to PLXNB1 expressed on the surface of PLXNB1-transfected human 293 cells. In this assay, histidine-tagged (His-tagged) SEMA4D was pre-incubated with anti-SEMA4D antibodies at various concentrations and then added to 293.PLXNB1 cells. Cell-bound SEMA4D was detected via flow cytometry following staining employing an anti-6xHis-allophycocyanin (APC)-labeled antibody. Increasing amounts of anti-SEMA4D antibody correlate with a decrease in the amount of APC fluorescence due to a reduction of bound SEMA4D-His; this blocking activity can be quantitated and expressed as an EC50. This assay is currently employed as a potency release assay for VX15/2503 for which the mean EC50 is 1.2 nM. Similar results were observed when 293.PLXNB2 cells were used (Fig. 3B) . Functional blocking was also visualized by immunofluorescence with either 293.PLXNB1 or CHO.CD72 cells (Fig. 3C) , demonstrating that VX15/2503 can functionally block the interaction of SEMA4D with any of its 3 receptors. One of the functional consequences of blocking SEMA4D: PLXNB1 is inhibition of actin cytoskeletal "collapse" normally induced by the SEMA4D:PLXNB1 interaction. This is shown in Figure 3D and demonstrates that, in vitro, VX15/2503 can block the downstream functional consequences of SEMA4D interaction with one of its cognate receptors.
Safety characterization
Blocking binding of SEMA4D to its receptors, as described above, was a desired function of VX15/2503. We also wanted to confirm that VX15/2503 did not elicit any untoward functional activity including immune cell depletion or immune cell activation. Error bars represent intra-assay triplicates and similar assays have been repeated 2 times with similar results. (C.) An immunofluorescence blocking assay using 293.PLXNB1 and CHO.CD72 demonstrates that VX15/2503 completely blocks the binding of SEMA4D to either receptor. Transfected cells were allowed to adhere overnight, and then the antibody / recombinant his-tagged SEMA4D was added. Bound SEMA4D was detected with an anti-6xHis-APC tagged secondary antibody. Blue represents DAPI staining to visualize nuclei and red indicates SEMA4D staining. Representative images are shown and similar experiments were repeated 4x for each cell line. (D.) "Collapse" assay was performed to demonstrate the ability of VX15/2503 to block SEMA4D-induced actin rearrangement. Cells were allowed to adhere overnight and the antibody / recombinant his-tagged SEMA4D was added and then cells were fixed. Actin cytoskeleton and nuclei were stained using phalloidin-Alexa488 (green) and DAPI (blue). Representative images are shown; similar experiments have been repeated 3x with similar results.
VX15/2503 was constructed using a human IgG4 isotype backbone to minimize potential depletion of SEMA4D-expressing immune cells. 30 Any residual depleting activity of VX15/ 2503 was assessed in vitro in complement-mediated cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC) assays. As shown in Figures 4 A and B, VX15/2503 did not elicit CDC or ADCC on SEMA4D-positive targets. In vivo data showing similar results in toxicology studies were published previously. 21 Antibodies of human IgG4 isotype are prone to form halfantibody structures due to the flexibility in the hinge region where the disulfide bonds form. In order to reduce this possibility, a serine to proline mutation is often introduced at position 241 (S241P) in the hinge region to "stabilize" it. 31 VX15/2503 contains this mutation and, based on published results, should not form half or bispecific antibodies. An in vivo study in SCID mice was done to demonstrate that VX15/2503 does not form bispecific antibodies in vivo. Mice were injected with wild-type or S241P mutant versions of VX15/2503 and a control antibody (anti-C35). Serum was obtained and analyzed for the presence of bispecific antibodies using a bispecific ELISA. Positive control for the experiment was sera from mice injected with a wild-type version of VX15/2503 and a wild-type (no S241P mutation) anti-C35. Figure 4C demonstrates that bispecific antibodies were generated in the positive control mice, but not in any other combination, including VX15/2503 (anti-SEMA4D S241P) with wild-type IgG4 anti-C35, which would most closely represent the clinical situation.
Given the Tegenero TGN1412 incident in 2006, when a life threatening cytokine release syndrome occurred during a first-inhuman study, 32 it has become increasingly important to test new human therapeutic antibodies (especially those that bind to immune cells) for their potential to induce cytokine release in vitro. Using an in vitro method similar to Romer et al, 33 VX15/ 2503 was evaluated in a cytokine release assay after incubation with human PBMCs from 19 different healthy donors. As shown in Figure 4D , even though positive control antibodies OKT3 (anti-CD3) and ANC28 (anti-CD28) induced release of tumor necrosis factor (TNF)a, interleukin (IL)1b, interferon (IFN)g, and IL6 when incubated with human PBMCs, VX15/2503 did not cause a significant cytokine release in 19 donors as compared to the IgG4 isotype control antibody. In addition, VX15/2503 did not elicit a proliferative response in human PBMCs from 6 different donors when assayed using carboxyfluoroscein succinimidyl ester (CFSE) (data not shown). Finally, a GLP immunohistology study (data not shown) was conducted to characterize the reactivity pattern of VX15/2503 with a panel of 33 fresh-frozen human tissues. No significant off-target binding was noted. This work demonstrated that lymphoid cells were recognized by the antibody in human blood, gastric antrum, gastric body, duodenum, ileum, colon, lymph node, spleen, tonsil, and uterus (endometrium). In addition, the glandular epithelium of one of 3 human donor uteri was reactive with VX15/2503.
Epitope mapping
To define the SEMA4D epitope recognized by VX15/2503, epitope mapping was performed as described in the Materials and Methods section. The epitope defined appeared to be formed by a non-linear, discontinuous sequence. As shown in Figure 5 , 3 amino acid sequences in human SEMA4D were identified that putatively comprise the discontinuous epitope of VX15/2503. These sequences are LKVPVFYALFTPQLNNV, KWTSFLKARLIASRP, and EFVFRVLIPRIARV. All three sequences are part of the SEMA domain of the protein and, when analyzed in conjunction with the crystal structure of SEMA4D, 34 they are all located within one larger region that can form a single discontinuous conformational epitope on SEMA4D. Additional fine mapping using alanine scanning suggested that the most important of these 3 peptides was likely EFVFRVLIPRIARV. Interestingly, this peptide, as well as the other 2, is located within the homodimerization site of SEMA4D. Since homodimerization is known to be important in semaphorin-plexin signaling, this suggests VX15/2503 could interfere with homodimerization as a potential mechanism to Figure 5 . Epitope Mapping of VX15/2503 : SEMA4D interaction. Epitope mapping studies were performed utilizing CLIPS Epitope Mapping technology at Pepscan. Using the entire protein sequence of human SEMA4D, surface immobilized, spatially constrained peptide microarrays, and an ELISA based detection method using CDD camera quantification, the SEMA4D protein was examined for either linear or conformational epitopes of VX15/2503. Three amino-acid sequences were identified (A.) that putatively comprise the discontinuous epitope of VX15/2503. (B.) A combination ribbon / space-filling structural diagram of a SEMA4D dimer that shows the VX15/2503 epitope overlapping the dimerization and plexin-binding domains; colors indicate PLXNB1 binding site, SEMA4D dimerization domain, VX15/2503 epitope; Overlap between VX15/ 2503 epitope and SEMA4D dimerization domain.
block SEMA4D signaling. Furthermore, this peptide is also located at the border of the binding interface of SEMA4D and its ligand, PlexinB1, 35 suggesting VX15/2503 could also sterically hinder SEMA4D-PlexinB1 interactions. The cumulative epitope mapping data for VX15/2503 supports the conclusion that the epitope recognized is a functionally relevant region of SEMA4D.
Internalization Antibody-induced shedding or internalization of a target antigen can have important pharmacokinetic and pharmacodynamic consequences. 36 To address this, we tested human PBMCs in vitro for evidence of SEMA4D internalization or shedding after addition of VX15/2503. As previously mentioned, SEMA4D exists in both cell membrane-associated and soluble cell-free forms. To address the question of whether cellular SEMA4D (cSEMA4D) is released from the cell or internalized following binding by the anti-SEMA4D antibody VX15/2503, we incubated human PBMCs with VX15/2503 in vitro and used flow cytometry and fluorescent microscopy to measure internalization. Our results suggest that the VX15/2503 -SEMA4D complex is internalized and does not appear to be released as a soluble form. These results were similar to those reported by Beers, et al 37 with regard to the fate of CD20 following exposure to rituximab (Rituxan Ò ). Figure 6 shows that quenched samples of cultured peripheral blood T cells exhibited an increase in the mean percent of SEMA4D internalization over time in the presence of VX15/ 2503, reaching a maximum of roughly 60% after 24 hours (Fig. 6A) . The kinetics of internalization appear to be similar among the 3 donors tested (data not shown). These results were confirmed by fluorescence microscopy using the same samples (Fig. 6B) ; similar results were also obtained using rat and cynomolgus macaque PBMCs incubated with VX15/2503 (data not shown).
To evaluate the presence of soluble SEMA4D in the culture fluids of human PBMCs incubated with VX15/2503, we utilized a total extracellular SEMA4D ELISA that detects both free sSEMA4D as well as the VX15/2503-sSEMA4D complex (Leonard et al, submitted Clinical Cancer Research). Shedding of sSEMA4D or VX15/2503: sSEMA4D complex following incubation of cells with VX15/2503 would result in an increased ELISA signal. As shown in Fig. 6C , the results indicate that no VX15/2503-mediated shedding occurred even though human PBMC controls (untreated, or sham-treated cultures) did secrete sSEMA4D into the culture fluid over time. Indeed the data denote that, following treatment with VX15/ 2503, the amount of total sSEMA4D detected in the culture medium actually decreased compared to controls, reaffirming that cellular SEMA4D was internalized following antibody exposure. These cumulative data suggest that cell membraneassociated SEMA4D is internalized, rather than shed, following binding by VX15/2503. C in the presence or absence of an anti-Alexa 488 quenching antibody. Samples were subsequently stained with anti-human CD3-Alexa 647 to label CD3C T cells and analyzed via flow cytometry. The quenching antibody blocks any fluorescent signal from the cell surface, so any signal remaining after quenching represents internalized antigen. A comparison was made between the GMFI values from the quenched and unquenched samples; this allowed for a calculation of the percent SEMA4D internalized using GMFI values from the Alexa 488 channel. In (A.), the % internalization data represent the mean internalization from 3 different human donors. Microscopy and imaging was performed to visualize internalization (B.); images were pseudocolored to represent DAPI (blue), CD3 (red), and VX15/2503 (green) and 2 of 4, 60X representative images are shown stained with either isotype or VX15/2503. The supernatant from the same experiment was analyzed for levels of total soluble SEMA4D (free or bound by VX15/2503) and those levels are shown for each condition in the table in part (C). The ELISA data represents the mean from 2 different human donors and similar results were obtained in a second experiment (data not shown), <LLQ indicates [sSEMA4D] <0.08 ng/ml.
CIA
Anti-SEMA4D has been demonstrated to be efficacious in ameliorating disease in several animal models of oncology, 26 
MS
10 and Huntington's disease. 38 We also tested the role of SEMA4D in a therapeutic model of collagen-induced arthritis (CIA) in mice. Disease was induced by immunization with collagen / complete Freund's adjuvant (CFA) and with a boost of collagen/ incomplete Freund's adjuvant (IFA) on Day 21. Treatment was initiated with either mAb 67-2, isotype control antibody, or etanercept (Enbrel Ò ; an approved fusion protein therapeutic for rheumatoid arthritis (RA)) 10 days later, when mice had reached a mean arthritic index (AI) score of 3. As shown in Fig. 7A , anti-SEMA4D treatment reduced clinical scores and inhibited the progression of the disease to a degree similar to Enbrel Ò . In addition, anti-SEMA4D administration was very effective at reducing the score of several common histological parameters, including inflammation, pannus formation, and cartilage / bone damage (Fig. 7B) .
Discussion
SEMA4D is a multifunctional target involved in a variety of physiological systems. Blocking the activity of this molecule represents a novel therapeutic strategy. Our results describe the generation and preclinical characterization of the first humanized anti-SEMA4D monoclonal antibody (mAb) that is now being evaluated in clinical trials.
Mouse mAbs reactive with mouse antigens are often needed for early preclinical proof-of-concept studies in development programs. It is, however, often difficult to select such antibodies due to inherent tolerance mechanisms. Here, we demonstrate the use of KO mice and a unique immunization protocol to generate functional mouse anti-SEMA4D antibodies. A combination of immunization with recombinant protein in adjuvant and transfected live tumor cells worked effectively to generate functional mAbs, perhaps owing to the different form of antigen in each immunization. Although uncommon to utilize live tumors as an immunogen for generation of mAbs, it has previously been shown that injection of mice with live tumor cells expressing a foreign antigen can effectively induce immune responses. 39, 40 The work reported here also illustrates several important steps in the translational progression of a mouse mAb from discovery to the clinic. For optimal transition from mouse studies through GLP toxicology studies and into the clinic, it is ideal that the mAb selected binds to the target antigen from rodent, primate and human tissues with similar affinities so that the antibody binding profile in humans can be more accurately estimated. As illustrated for VX15/2503 and SEMA4D, both recombinant and native antigens should be tested, as well as soluble and membrane bound forms. Affinity was determined via Biacore employing recombinant SEMA4D and by flow-based methods for native cell surface associated antigen. In the case of VX15/2503, it appears that the affinity for native, membrane-bound antigen (app. 0.5 nM) is higher than for recombinant soluble antigen (1-5 nM). It is unknown at this stage whether this is due to conformational differences between soluble and membrane bound SEMA4D or different conformational or posttranslational modifications of recombinant and native SEMA4D. Another possibility is that the cell-based assay measures avidity more than affinity, but we used rituximab (Rituxan Ò ) in this assay as a control antibody and obtained a result (K D D 9.95nM) very close to the published "affinity" from the product insert (8 nM).
To minimize depletion of SEMA4D-expressing target cells, a human IgG4 isotype backbone was utilized.
30 VX15/2503 was tested in vitro (Fig. 4) and demonstrated absence of ADCC or CDC. In the specific case of VX15/2503 and SEMA4D, the use of an IgG4 isotype was a precautionary safety measure since CDC/ADCC was not detected in vitro even with other anti- Ò 2x/week was started after mice reached an AI of 3 (day 31). (B.) Mice were sacrificed at endpoint (day 42) and paws were fixed, stained with toluidine blue and analyzed and scored histologically as described in the Material and Methods section. * Error bars represent S.E.M. and significance was calculated versus the control Ig group using Student's t-test, p0.001 for both Anti-SEMA4D and Enbrel groups for day 35 and later in 7A and at day 42 in 7B.
SEMA4D antibody isotypes, including a human IgG1 version of VX15/2503 or the original mouse IgG1 antibody, mAb 67-2 (data not shown). The IgG4 isotype has the potential for interantibody exchanges that can result in formation of bispecific antibodies, 31 which can result in unwanted PK or PD, and immunogenicity concerns. In order to reduce this possibility, we incorporated the previously described S241P mutation 41 in the hinge region of VX15/2503 and confirmed that this molecule does not form bispecific antibodies in vivo.
In addition to a full GLP toxicology package for VX15/ 2503, 21 we examined cytokine release by in vitro analysis using human PBMCs as an additional safety measure. We employed a modified version of the assay described by Romer et al, 33 which demonstrated low background and ample signal-to-noise ratio. Indeed, patients dosed with VX15/2503 have not shown any signs of cytokine release syndrome, with 500 doses having been delivered in total in Phase 1 oncology and MS clinical studies.
The blocking activity of VX15/2503 was demonstrated in vitro by showing that the antibody can block target:receptor complex formation, as well as the functional consequences of such binding. VX15/2503 blocks the binding of SEMA4D to any of its 3 receptors, PLXNB1, PLXNB2, or CD72, and inhibits SEMA4D-induced cytoskeletal reorganization in a cell collapse assay. These robust functional assays provided the framework for subsequent potency assays. The assay described in Fig. 3A has been validated and utilized successfully as a GMP potency assay for VX15/2503 antibody release and stability. It is interesting to note that the average EC 50 of VX15/2503 is 1.2 nM, very similar to the affinity (K D ).
We also explored the biology of the interaction of VX15/2503 with SEMA4D via epitope mapping and internalization experiments. Since VX15/2503 does not detect SEMA4D in western blots, the epitope may be conformational rather than linear. We, therefore, employed a more advanced CLIPS epitope mapping technology. 42 Detailed knowledge of an antibody's binding site is important during the development process and can provide information that helps delineate the molecular mechanism of action. Results of our SEMA4D epitope mapping for VX15/2503 (Fig. 5) suggest that VX15/2503 interferes with SEMA4D-receptor interactions by both binding to the SEMA4D homodimerization domain and by sterically interfering with the PLXNB1 binding site. We also confirmed that, as expected, the murine mAb 67 binds the same SEMA4D epitope as VX15/2503.
Based on the results of completed animal studies of mAb 67-2 showing anti-tumor activity in various tumor models, 26 disease modification results in EAE, 10 and a murine model of Huntington's disease, 38 the anti-SEMA4D antibody VX15/2503 is being investigated clinically in several indications, including oncology, MS, and Huntington's disease. Additionally, it was recently reported that a commercial rat anti-SEMA4D antibody could ameliorate symptoms of arthritis in a CIA mouse model of inflammatory arthritis. 43 Our data support this observation and further demonstrate that the murine version of an antibody currently in clinical development can also ameliorate the severity of CIA. Anti-SEMA4D worked as well as an approved therapeutic (Enbrel Ò ) to reduce the mean arthritic index and joint histology disease endpoints, including inflammation, pannus destruction, and cartilage and bone damage in a CIA mouse model. The exact mechanism of action is likely multifaceted since SEMA4D could be relevant at several stages of the autoimmune process. SEMA4D is expressed by T cells, one of the effector cells in arthritis, and regulates immune invasion and migration. 44 Also, SEMA4D-deficient mice are resistant to the development of other autoimmune diseases such as EAE. 27 Importantly, SEMA4D is produced by osteoclasts and can suppress bone formation by PLXNB1-expressing osteoblasts, 45 which may play a large role in the progression of RA. 46 These observations and the data presented here suggest that SEMA4D may also represent a possible therapeutic target for the treatment of RA.
Overall, this work highlights the discovery and initial characterization of an anti-SEMA4D antibody, VX15/2503, currently in clinical development for oncology, MS, and Huntington's disease. This mAb has been extensively characterized in numerous preclinical, functional, toxicology, and disease model studies. The multiple functions of SEMA4D in basic physiology and disease suggest that blockade of SEMA4D may serve as a unique treatment strategy in additional autoimmune disease indications, including RA.
Materials and Methods

Generation of mouse anti-SEMA4D and humanized anti-SEMA4D
To generate mouse anti-SEMA4D mAbs, BALB/c mice (Jackson Labs, ME) were immunized with both recombinant antigen and live tumor cells. The recombinant antigen was purified from the supernatant (SN) of Chinese hamster ovary (CHO) cells stably transfected with mouse or human SEMA4D-His (the extracellular domain of SEMA4D with a C-terminal 6X his tag for purification). The Line 1 cell line (derived from a spontaneous lung tumor in a BALB/c mouse) was transfected with an expression plasmid encoding the full-length human SEMA4D cDNA and a stable line expressing human SEMA4D was isolated. SEMA4D-deficient mice on the BALB/c background were primed by immunization with 50 mg purified mouse SEMA4D-His emulsified in CFA. One week following this immunization, the mice were injected intramuscularly with 20,000 live Line1-human SEMA4D cells. Serum anti-SEMA4D titer (reactive with both mouse and human recombinant SEMA4D) was determined 13 days post tumor injection; 19 days after Line1-human SEMA4D injection, mice were sacrificed and splenocytes harvested and fused with the P3X63Ag8.653 fusion partner (ATCC# CRL-1580) following standard procedures to generate hybridomas. Hybridoma clones were screened by ELISA for binding to human and mouse SEMA4D.
A large panel of mouse SEMA4D specific antibodies was generated. Most of these antibodies also bind with high affinity to human SEMA4D. mAb 67-2 was chosen as the progenitor antibody for the generation of a humanized anti-SEMA4D antibody. Prior to generating a humanized antibody, the VH and VK genes were cloned from the clone 67-2 hybridoma (producing murine mAb 67-2) and their sequences were determined. The VH gene was cloned into a mammalian expression vector that contained the human gamma 4 heavy chain constant region coding sequence, creating a full-length chimeric heavy chain. The VK gene was cloned into a mammalian expression vector containing the human kappa constant region coding sequence, creating a full-length chimeric light chain. To produce the chimeric antibody, the expression vectors containing the chimeric heavy chain and the chimeric light chain were co-transfected into CHO-S cells (a clonal isolate of CHO). The mAb that was produced was secreted from the cells and harvested after a 3-to 6-day expression period. The resulting mAb was purified using protein A, and characterized. This chimeric mAb (mAb 2368) was demonstrated to be specific for SEMA4D by flow cytometry and ELISA, and blocked binding of the murine mAb 67-2 to SEMA4D. Collectively, these data demonstrated that the correct VH and VK genes encoding the 67-2 hybridoma mAb were isolated.
Subsequently, the mAb 67-2 variable region genes were employed to create a humanized mAb. In the first step of this process, amino acid sequences of the VH and VK of mAb 67-2 were compared against the available database of human immunoglobulin gene sequences in order to define optimally matched human germline immunoglobulin gene sequences. For the light chain, the best human match was the VK4-B3 gene, and, for the heavy chain, the best human match was the VH1-69 gene. Humanized variable domain sequences were then designed where the CDR1, 2 and 3 of the 67-2 light chain were grafted onto framework sequences of the VK4-B3 gene, and the CDR 1, 2 and 3 sequences of the 67-2 VH were grafted onto framework sequences of the VH1-69 gene. A conceptual 3D model was then generated to identify framework positions where retention of the mouse amino acid would potentially be advantageous for stability or binding. The humanized VH and VK genes were generated synthetically and subsequently cloned into vectors containing the human gamma 4 and human kappa constant domains respectively. The pairing of the human VH and the human VK created the IgG4 kappa mAb VX15/2503. VX15/2503 was constructed as a human IgG4 to avoid Fc-mediated effector functions and possible resulting depletion of SEMA4D-positive cells. The serine at position 241 in the core hinge region of the IgG4 domain of VX15/503 was mutated to introduce a proline, a modification previously shown to eliminate Fab-arm exchange.
SEMA4D affinity determinations
Surface Plasmon Resonance (Biacore): Surface plasmon resonance kinetic analysis was performed using a Biacore 2000 system with a CM5 sensor chip and HBS-EP running buffer (HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20). Goat anti-mouse IgG Fc (for mAb 67-2) or goat anti-human IgG Fc (for VX15/2503) (Jackson ImmunoResearch) was immobilized on the chip surface via amine coupling. mAb 67-2 or VX15/2503 was captured and recombinant antigen was injected at a concentration range from 50 to 0 nM; samples were assayed in duplicate. The dataset was evaluated using BiaEvaluation software and globally fit to a 1:1 model. Sensograms were subjected to reference surface subtraction and subtraction of buffer response (zero analyte concentration). Recombinant 6x histidine-tagged SEMA4D was expressed either transiently or as a stable transfectant in CHO cells and was purified from culture supernatants using a standard Ni column.
Affinity for Cellular SEMA4D: A flow cytometry-based method similar to Heider et al 47 was used to measure the affinity of VX15/2503 for SEMA4D expressed on the surface of CD3C T cells from human PBMCs. Human PBMCs were isolated from whole blood and incubated with various concentrations of VX15/2503 for 1 hour at 4 C, washed, and then incubated with a monoclonal FITC-anti human IgG4 Fc secondary antibody for 30 minutes at 4 C. Quantum FITC MESF beads (Bang's Labs) were utilized to generate a standard curve to convert geometric mean fluorescence intensity (GMFI) to molecules of equivalent soluble fluorochrome (MESF). A modified Scatchard analysis was employed by using GraphPad PRISM Ò and nonlinear saturation analysis to calculate the binding affinity (K D ) of VX15/ 2503 to cellular SEMA4D. Five different human PBMC samples were assayed.
Flow blocking assay
To measure the ability of VX15/2503 to block the binding of SEMA4D to its receptor PLXNB1, a titration of VX15/2503 or mAb 67-2 antibody from 1.5 mg/mL to 88 ng/mL was combined with 0.8 ng/mL marmoset SEMA4D-his overnight. Recombinant marmoset SEMA4D protein is produced and purified from a stably transfected cell line that has been banked and well characterized. This protein was utilized more than the human protein in these characterization assays mainly due to reagent production rates and availability, and significant differences have not been observed with human versus marmoset recombinant protein in these assays.
The next day the mAb/SEMA4D-his was added to 2 £ 10 6 /ml 293PLXNB1 cells in a 96-well round-bottom tissue culture plate (Costar) and incubated for 30-45 minutes at 4 C to allow binding of SEMA4d-his to 293PLXNB1 cells. After washing, cells were stained with anti-6xHis-APC (Abcam, Ab72579) at 1:50 dilution for 30 minutes. Cells were then washed 2x to remove unbound antibody, and stained with propidium iodide (PI) (Sigma) immediately prior to analysis to discriminate dead cells in sample. Cells were acquired on a FACS Canto flow cytometer, gating on the PInegative cell population. Analysis of APC fluorescence was completed using FlowJo flow cytometry software and APC GMFI was used to calculate % blocking of SEMA4D-his binding on 293PLXNB1 cells. GraphPad Prism software was used for calculation of EC 50 values.
Immunofluorescent blocking assays using 293.PLXNB1 or CHO.CD72
Immunofluorescence of SEMA4D Binding to 293.PLXNB1: Twenty-thousand 293F cells stably transfected with human PlexinB1 were seeded onto 48-well Poly-D-Lysine plates (BD BioCoat TM ) in 200 mL complete medium and allowed to adhere overnight at 37 C, 5% CO 2 . Recombinant marmoset SEMA4D-His was diluted to 40 mg/mL alone or with 200 mg/ml blocking antibody in complete medium and allowed to equilibrate at room temperature for 30 minutes. Ten microliters of SEMA4D/ antibody mixture was added per well of 293F.PlexinB1 cells to give a final concentration of 2 mg/ml SEMA4D C/¡ 10 mg/ml antibody and allowed to incubate at 37 C, 5% CO 2 for 30 minutes. Media and reagents were removed from the wells and 200 mL of anti-6xHis-APC (Abcam, AD1.1.10, 2 mg/mL) in complete medium was overlaid and allowed to bind at room temperature under foil for 30 minutes. Media and reagents were removed from the wells and cells were washed once with 200 ml of phosphate-buffered saline (PBS). The cells were then fixed with 1% paraformaldehyde in PBS at room temperature for 10 minutes under foil. Cells were washed with PBS containing 0.1% Triton-X100 to permeabilize the washed cells. DAPI solution (500 ng/ml in PBS/Triton) was added to each well and allowed to incubate at room temperature for 10 minutes to visualize nuclei. Cells were washed with PBS/Triton and overlaid with 200 mL PBS per well for scanning. The plate was imaged with a 20x objective using a Turboscan system built on to an Olympus IX50 and captured using an Exi Aqua monochrome camera fitted with DAPI and Cy5 filter sets.
Immunofluorescence of SEMA4D Binding to CHO.CD72 Twenty-thousand CHO cells stably transfected with human CD72 were seeded onto 48-well Poly-D-Lysine plates (BD BioCoat TM ) in 200 mL complete medium and allowed to adhere overnight at 37 C, 5% CO 2 . Recombinant marmoset SEMA4D-His and antibody were diluted to 800 mg/mL in complete medium and allowed to equilibrate at room temperature for 30 minutes. Ten microliters of SEMA4D/antibody mixture was added per well of CHO-CD72 cells to give a final concentration of 40 mg/ml and allowed to incubate at 37 C, 5% CO 2 for 30 minutes. Media and reagents were removed from the wells and 200 mL of anti-6xHis-APC (Abcam, AD1.1.10, 2 mg/mL) in complete medium was overlaid and allowed to bind at room temperature under foil for 30 minutes. Media and reagents were removed from the wells and cells were fixed with 1% paraformaldehyde in PBS at room temperature for 10 minutes under foil. Cells were washed with PBS/Tween to permeabilize them and DAPI solution (500 ng/ml in PBS/0.05% Tween-20) was added to each well and allowed to incubate at room temperature for 10 minutes to visualize nuclei. Cells were washed with PBS and overlaid with 200 mL PBS per well for scanning. The plate was imaged with a 20x objective using a Turboscan system built on to an Olympus IX50 and captured using an Exi Aqua monochrome camera fitted with DAPI and Cy5 filter sets.
Collapse Assay HEK293 cells transfected with PlexinB1 were seeded at 4000 cells per well onto PDL (1hr) C Laminin (2hrs) (5ug/ml each) coated coverglass chamber slides and allowed to adhere overnight. For collapse, cells were treated with medium containing 2 mg/ml of marmoset SEMA4D C/¡ 20 mg/ml of VX15/2503 for 15 minutes (VX15/2503 was pre-bound to SEMA4D for 1 hour on ice prior to addition to cells). Cells were then fixed with 4% paraformaldehyde for 10 minutes at RT and washed with PBS. Actin cytoskeleton and nuclei were stained using a 1:40 dilution of phalloidin-Alexa488 and 500ng/ml of DAPI in PBSC0.1% Triton-X100, respectively, for 30 minutes, followed by washing in PBS. Cells were imaged at 60x magnification in Z stack and deconvoluted using ImagePro.
CDC Assay
A human B cell line, Daudi (ATCC, VA), which is CD20 and SEMA4D positive, was used as a target in a non-radioactive CDC assay. Pooled human serum was used as a source of complement. Targets were incubated with antibodies at 37 C for 3 hours. Alamar blue (Invitrogen) was added at a 1:2 dilution and cells were incubated overnight at 37 C. The plate was read on a fluorimeter at an excitation / emission of 530/590 nM and % lysis was calculated using the formula: % CDC D 100 £ [(Relative Fluorescence Unit (RFU) of target cells plus complement)-(RFU Experimental value) / (RFU of target cells plus complement)].
ADCC Assay
The aCella-TOX assay (Cell Technology, CA) was used to measure ADCC. The release of GAPDH from dying cells leads to ATP production, which is then coupled to the luciferase methodology, producing light. Targets were Daudi cells and freshly isolated human PBMCs were used as effectors. Antibodies and target cells were incubated at 37 C for 15 minutes to allow opsonization and effectors were added for an overnight incubation before being read employing a luminometer. % ADCC D 100£ [(release from target cells in the presence of mAb)-(spontaneous release from targets alone)-(spontaneous release from effectors alone)] / (max release from target cells).
In Vivo Half Antibody SCID mice were injected i.v. with various combinations of antibodies to determine if half-antibodies were formed. Mice were injected with 300 mg VX15/2503 and anti-C35 (Vaccinex, irrelevant human IgG4 antibody), which both have the serine to proline mutation at position 241 (S241P mutation, numbered according to Kabat numbering system), or with combinations of these same antibodies that did not have the S241P mutations. Mice were also injected with each of the 4 mAbs alone to ensure each mAb could be detected via ELISA. Serum was collected at 2, 24, 48, and 72 hours and frozen for analysis in one of 3 ELISAs; SEMA4D-specific, C35-specific, or bispecific. For the SEMA4D or C35 specific ELISAs, recombinant soluble human C35 or recombinant soluble marmoset SEMA4D was coated on microtiter plates in bicarbonate buffer (pH9.5) at a final concentration of 1 mg/ml. After blocking, titrated serum samples were added for 1 hour and detected using an HRP-conjugated goat anti-human IgG Fc (Jackson ImmunoResearch, PA). For the bispecific ELISA, recombinant soluble marmoset SEMA4D was coated on microtiter plates in bicarbonate buffer (pH 9.5) at a final concentration of 1mg/ml. After blocking, titrated serum samples were added for 1 hour and detected with biotinylated recombinant C35 followed by streptavidin-HRP (Jackson, 016-030-084). All ELISAs were developed for 15 min using 3,3 0 ,5,5 0 -Tetramethylbenzidine (TMB; BioFX Laboratories, Owings Mills, MD) and read spectrophotometrically at 450/570 nm.
Cytokine Release
Fresh human PBMCs from 19 healthy donors were precultured in 1.5 mL medium for 2 days at 1x10 7 cells/ml in a 24-well flat-bottom suspension culture plate. Cells were washed, diluted to 1 £ 10 6 cells/ml and 0.2 ml of cells cultured with 4 mg/ml of antibody for 24 hours in a 96-well flat-bottom tissue culture plate. OKT3 (anti-human CD3, eBioscience) and ANC28 (agonist anti-human CD28, Calbiochem) were used as positive control antibodies. A human IgG4 isotype control (Vaccinex antibody 2269, anti-C35) was used as a negative control in addition to a no antibody control. PBMC supernatants were analyzed in duplicate for the presence of IL-1b, IL-6, TNFa, and IFNg by Cytometric Bead Array (BD Biosciences, CA) using a BD FACS Canto cytometer. Analysis of cytokine levels was completed using FCAP analysis software (BD).
Epitope Mapping
The characterization of the epitope of human SEMA4D recognized by VX15/2503 was performed at Pepscan (Lelystad, Netherlands) utilizing CLIPS (Chemical LInkage of Peptides onto Scaffolds) epitope mapping technology. 42 CLIPS mapping presents peptides in spatially constrained orientations, thus helping better predict conformational epitopes compared to simple linear mapping.
Internalization assays
Flow cytometry: To measure VX15/2503 internalization after cellular SEMA4D binding, PBMCs were incubated with Alexa 488 fluorochrome-labeled VX15/2503 or human IgG4 isotype control antibody (mAb 2269) at 37 C for up to 24 hours. The cells were washed to remove labeled antibody and incubated at 4 C in the presence or absence of an anti-Alexa 488 quenching antibody. Samples were subsequently stained with anti-human CD3-Alexa 647 to label CD3C T cells and analyzed via flow cytometry. The quenching antibody blocks any fluorescent signal from the cell surface, so any signal remaining after quenching represents internalized antigen. 37 A comparison was made between the GMFI values from the quenched and unquenched samples; this allowed calculation of the percent SEMA4D internalized using GMFI values from the Alexa 488 channel. The percent internalization data represent the mean internalization from 3 different human donors.
Microscopy: For microscopy, PBMC were isolated and stained as above, then fixed with 0.5% paraformaldehyde and washed with PBS. Cells were spun down to concentrate, resuspended in 50 ml of PBS with 0.05% Tween-20 and 300 ng/ml of DAPI for 10 minutes. Cells were then dropped on a slide with an equal volume of ProLong Gold mounting medium to preserve fluorescence and stabilize cells. Fluorescence was captured using an Exi Aqua camera with a 60 £ 1.35 NA oil objective in Z stack, and deconvolution was performed using nearest neighbor with Image-Pro Plus. For illustration, images were pseudocolored to represent DAPI (blue), CD3 (red), and VX15/2503 (green).
Collagen-Induced Arthritis Model
This evaluation was performed at a contract research organization (CRO), Washington Biotechnology (Baltimore, MD), using male DBA1/J mice in a treatment (verses prophylactic) model of murine CIA. The disease was induced by subcutaneous injection with an emulsion containing 100 mg bovine type 2 collagen and 100 mg heat-inactivated Mycobacterium tuberculosis. On Day 21, mice were boosted with an injection of 100 mg bovine type 2 collagen emulsified with IFA. The first therapeutic intraperitoneal injection with mAb 67-2 and the positive control (Enbrel Ò , subcutaneous) occurred on Day 31. The CRO was blinded to the specific treatment groups. Animals were dosed twice weekly, at 30 mg/kg, scored for signs of arthritis 3x / week, and the study was terminated on Day 42. Selected formalin preserved limbs were decalcified in 5% formic acid for 2-3 days, tissues were trimmed, processed for paraffin embedding, sectioned at 8 mm and stained with toluidine blue (T blue). Paws were embedded and sectioned in the frontal plane. When scoring paws or ankles from mice with lesions of type II collagen arthritis, severity of changes as well as number of individual joints affected must be considered. When only 1-3 joints of the paws or ankles out of a possibility of numerous metacarpal/metatarsal/digit or tarsal/ tibiotarsal joints were affected, an arbitrary assignment of a maximum score of 1, 2 or 3 for parameters below was given depending on severity of changes. If more than 3 joints were involved, the criteria below were applied to the most severely affected/ majority of joints. The joints were scored for severity of arthritis using 4 parameters; inflammation, pannus, cartilage damage and bone damage; on a scale of 0 (normal) to 5 (severe effects) using pre-study defined histologic criteria.
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